INTRODUCTION
============

Two major classes of RNA species have been identified in cells of all organisms: protein-coding RNAs or messenger RNAs (mRNAs), which serve as templates for protein synthesis, and non-protein-coding RNAs (ncRNAs), which are not translated into proteins, but instead, function at the level of the RNA itself. Interestingly, recent reports by the ENCODE project, focusing in high resolution on the analysis of ∼1% of the human genome, have shown that up to 90% of the genome is being transcribed ([@B1]), with only a minor portion of RNA transcripts (1.5%) encoding for protein open reading frames. Hence, it was suggested that the remaining 88.5% of RNA transcripts might serve as a source for regulatory ncRNAs. These findings implied the presence of a, so far, 'hidden layer' of regulatory elements within the human and other eukaryal genomes, represented by ncRNAs ([@B2]), with more than 450.000 ncRNAs genes predicted to be encoded by the human genome ([@B3]). However, it has been argued that many of the ncRNA transcripts from the human or other higher eukaryal genomes merely represent spurious non-functional transcription products ([@B4],[@B5]). Therefore, identification of the full set of functional ncRNAs, either by *in silico* or by experimental approaches (or a combination of these), is of fundamental importance, until all functional ncRNAs have been identified within the transcribed, but not translated portions of eukaryal genomes.

In Eukarya, most if not all known ncRNAs are associated with RNA binding proteins thus forming ribonucleo-protein particles or RNPs ([@B6]). Numerous ncRNAs serve as so-called 'guide RNAs' for these proteins, guiding them to nucleic acids targets (i.e. DNA or RNA), where the proteins subsequently exert their enzymatic activity ([@B7]). Prominent examples of these guide RNAs are represented by the classes of miRNAs or snoRNAs ([@B8; @B9; @B10]). Therefore, identification of functional, and thus biologically relevant, ncRNAs can be achieved by isolation of ncRNAs binding to proteins, thereby forming so-called ncRNPs.

For ncRNA identification, in the past, isolation of phenol extracted, protein-devoid ncRNA species was followed by size-separation on denaturing gels and cDNA cloning ([@B11; @B12; @B13]). Generally, however, this lead to the repeated identification of cDNA clones encoding ribosomal RNAs or other known ncRNA species ([@B14; @B15; @B16; @B17]). In contrast, co-immunoprecipitation based cDNA library generation, employing an antibody targeting an RNA-binding protein of interest, only allowed identification of ncRNAs associated to this protein ([@B18],[@B19]).

By employing a novel cDNA library generation approach from human or mouse cells, based on the size-selection of RNPs on glycerol gradients, we have identified new candidates for functional ncRNAs in Eukarya. Bioinformatical analysis mapped ∼95% of the deep-sequencing reads and identified ∼40% of the clusters as known ncRNAs in both libraries. The remaining 60% of the clusters, corresponding to new unannotated ncRNA candidates were found in intronic, and to a smaller extent, in intergenic regions of the respective genomes, and some of these ncRNA candidates were derived from repetitive elements. We confirmed the presence of selected candidates within RNPs, demonstrating that our RNP selection approach is a powerful tool to identify novel functional ncRNA genes in eukaryal genomes.

MATERIALS AND METHODS
=====================

Preparation of protein extracts
-------------------------------

HeLa cells were harvested from cell culture media by centrifugation at 700 g for 5 min at 4°C. Pelleted cells were suspended in five volumes of ice-cold Dulbecco's Phosphate Buffered Saline (PBS) medium (PAA Laboratories, Pasching, Austria) and collected twice by centrifugation as described above. All following steps were performed at 4°C according to the previously described protocol ([@B20]). Briefly, cells were suspended in five packed cell pellet volumes of buffer A (10 mM Hepes pH 7.9, 1.5 mM MgCl~2~, 10 mM KCl, 0.5 mM DTT, 0.2 mM PMSF) and were incubated on ice for 10 min. Subsequently, cells were collected by centrifugation as described above, re-suspended in two packed cell pellet volumes of buffer A and lysed by 10 strokes of a Teflon-glass Dounce homogenizer (Fisher Scientific, Vienna, Austria) or until 80% of the cells were lysed, which was microscopically verified employing Trypan blue. The homogenate was centrifuged for 15 min at 700*g* to pellet nuclei. The supernatant was mixed with 0.11 volumes of buffer B (300 mM Hepes pH 7.9, 30 mM MgCl~2~, 1.4 M KCl), and centrifuged for 60 min at 100 000*g*. The high-speed supernatant was dialysed two times for 2 h against 20 volumes of buffer D (20 mM Hepes pH 7.9, 100 mM KCL, 0.2 mM EDTA, 0.5 mM DTT, 20% glycerol) and was assigned as the S100 or cytoplasmatic fraction.

The nuclear extract was prepared as follows: the pellet obtained from low speed centrifugation of the homogenate (see above) was resuspended in 0.5 ml of low salt buffer (20 mM Hepes pH 7.9, 20 mM KCl, 1.5 mM MgCl~2~, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF, 25% glycerol). The resulting suspension was stirred gently with a magnetic stirring bar and mixed for 30 min with 0.5 ml of high salt buffer (20 mM Hepes pH 7.9, 1.2 M KCl, 1.5 mM MgCl~2~, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF, 25% glycerol), and then centrifuged for 30 min at 9000*g* at 4°C. The supernatant was dialysed against 50 volumes of buffer D containing additionally 0.2 mM PMSF two times for 2 h. The dialysate was centrifuged at 9000*g* for 25 min at 4°C and the supernatant was designated as nuclear extract. Aliquots from both S100 and nuclear extracts were snap frozen in liquid nitrogen and stored at −80°C.

Mouse brains were washed three times in buffer A \[with 0.5 mM PMSF instead of 0.2 mM and one Complete, Mini, EDTA-free, Protease Inhibitor Cocktail Tablet (Roche, Vienna, Austria) for 7 ml of buffer\], and suspended in 2 ml/g of tissue of the same buffer, containing a 10-fold increase in protease inhibitor (Buffer A with 5 mM PMSF and one Complete, Mini, EDTA-free, Protease Inhibitor Cocktail Tablet \[Roche, Vienna, Austria) for 1 ml of buffer\]. Brains were minced on ice with a scalpel and cells were lysed by five strokes of a Teflon-glass Dounce homogenizer at 4°C. Following steps for isolation of nuclear or cytoplasmatic extracts were identical to the preparation of protein extracts from HeLa cells, except for the composition of buffer B (100 mM Hepes pH 7.9, 30 mM MgCl~2~, 250 mM KCl).

Sedimentation of RNP extracts on glycerol gradient
--------------------------------------------------

Cytoplasmatic, nuclear extracts, or a mixture of both, were mixed (1:1) with gradient dilution buffer (20 mM Hepes, pH 7.9; 100 mM KCl, 1 mM MgCl~2~) and layered onto a 10--30% glycerol gradient containing 20 mM HEPES pH 7.9, 100 mM KCI and 1 mM MgCl~2~. Gradients were spun at 100 000*g* (34 000 rpm) for 18 h at 4°C in a Beckman SW41 rotor and fractionated into 28 samples.

RNA library generation
----------------------

RNA libraries were generated according to the previously described protocol ([@B13]). Briefly, after ultracentrifugation of the gradient, 28 fractions were collected, and pooled four by four, but always excluding the two first (bottom) and the two last (top of the gradient) fractions, which were expected to contain rRNA contaminations and various RNA degradation products, respectively. Samples were twice extracted with phenol--chloroform, ethanol precipitated, and poly(C)-tailed employing poly(A) polymerase from yeast (Epicentre, Madison, WI, USA). C-tailed RNAs were ligated to a 19-nt long 5′ linker (5′-GTC AGC AAT CCC TAA C **[GAG,]{.ul}** with bold representing ribonucleotides) by T4 RNA ligase. RNAs were subsequently converted into cDNAs by reverse transcription (RT) using an anchor primer (5′-AGG AGC CAT CGT ATG TCG GGG GGG GH), amplified by PCR as described, employing complementary primers to 5′ linkers and the poly(C) tail (forward, 5′-GTC AGC AAT CCC TAA CGA G; reverse, 5′-AGG AGC CAT CGT ATG TCG), and cloned into pGEM-T vector (Promega, Mannheim, Germany) for diagnostic Sanger sequencing. Alternatively, samples were directly submitted to pyrosequencing (GS-FLX system, Roche, GATC company, Konstanz, Germany), which required utilization of an alternative pair of primers (forward, 5′-GCC TCC CTC GCG CCA TCA GGT CAG CAA TCC CTAA CGA G; reverse, 5′-GCC TTG CCA GCC CGC TCA GAG GAG CCA TCG TAT GTC G).

Northern blotting
-----------------

RNA was size fractionated on denaturing polyacrylamide gels (PAGE). For PAGE, 1--30 µg of RNA isolated from tissue, cells or glycerol gradient fractions was denatured for 1 min at 95°C, separated on a 8% denaturing polyacrylamide gel (7 M urea, 1× TBE buffer (89 mM Tris--HCl, 89 mM boric acid, 2 mM EDTA) and transferred onto a nylon membrane (Hybond N+, Amersham, GE Healthcare, Little Chalfont, UK) using the Bio-Rad semi-dry blotting apparatus (Trans-blot SD; Bio-Rad, Vienna, Austria). Immobilizing of RNAs on membranes was performed using the STRATAGENE UV crosslinker (Stratagene, La Jolla, CA, USA) (120 mJ/cm^2^). Oligonucleotides (Microsynth, Balgach, Swiss) from 18 to 35 nt in size, complementary to potentially new RNA species, were end-labeled employing \[γ-^32^P\]-ATP (Hartmann Analytic, Vienna, Austria) and T4 polynucleotide kinase (Promega, Mannheim, Germany). Depending on the *T*~m~ of the respective oligonucleotides, hybridization was carried out from 42 to 58°C in hybridization buffer (178 mM Na~2~HPO~4~, NaH~2~PO~4~, pH 6.2, 7% SDS) for 12 h. Blots were washed twice, i.e. once at room temperature in 2× SSC buffer, 0.1% SDS for 10 min and subsequently at the respective hybridization temperature in 0.1× SSC, 0.1% SDS for 1--10 min when more stringent washing was required. Membranes were exposed to Kodak MS-1 film from 15 min to 5 days (Kodak, Bagnolet, France).

Bioinformatics
--------------

In the first step, the 5′ and 3′ adaptors were removed from the 454 reads. While the 5′ adaptors could be efficiently identified, identification of the 3′ adaptors is complicated by the decreasing quality of the sequences towards the end of the 454 reads. Therefore, we used a customized Gotoh ([@B21]) alignment algorithm to identify adaptor sequences. After the adaptor sequences were removed, only reads with a minimum length of 15-nt were used for further computations; All shorter reads were discarded. The sequences were mapped onto the genomes using the program Segemehl ([@B22]). Segemehl is a suffix array based program that is especially suited for the mapping of 454 reads, as it takes mismatches and insertions/deletions, which are the most frequent errors observed with 454 sequencing, into account. Because of Segemehl's memory requirements, genomes were split in four or five parts, containing at least four chromosomes each. The 454 reads were matched onto the respective genomes, and the results were joined so that all mappings covering \<90% of the read or with an *e*-value \>5 were discarded. For the remaining reads, we retained the best mapping as well as all suboptimal mappings with at most two additional errors. For comparison with existing annotations, we used data from Ensembl, tRNAdb, UCSC and the ncRNA.org genome browser databases ([@B23; @B24; @B25; @B26]). To take into account the difference in reliability between the annotation sources, we ranked the annotations, in the order Ensembl ncRNA entries (including entries from miRbase), tRNAdb entries, UCSC entries and ncRNA.org annotations. A read was considered to be annotated if any of the suboptimal mappings could be annotated. Only the annotation from the highest ranked source was kept for each read. However, annotations of the same level were kept, as it is, for example, not possible to distinguish between different loci of the same miRNA (e.g. in miR-9-1, miR-9-2, miR-9-3). Finally, we classified unannotated reads into intergenic, exonic, intronic and intron/exon junction. Protein annotations for human (hg18, NCBI Build 36.1, March 2006) and mouse (mm9, NCBI Build 37, July 2007) were retrieved from the UCSC Genome Browser (<http://www.genome.ucsc.edu>). We used Ensembl and Refseq gene collections as well as the RepeatMasker tracks. Analysis were in part performed using the Galaxy Browser (<http://main.g2.bx.psu.edu/>).

We used Blast ([@B27]) to find sequence similarities with known ncRNAs (Rfam, ncRNA.org databases). For all hits that remained unannotated, the genomic sequences, including 50-nt up- and down-stream, were used for further prediction using Infernal ([@B28]) to match the sequences to all structural alignments of the Rfam ([@B29]). Furthermore, RNAz ([@B30]) was used to find structurally conserved sequences, and snoReport ([@B31]) was used to find candidates for snoRNAs within the unknown hits.

RESULTS
=======

Size-fractionation and cDNA library generation of ncRNPs from HeLa cells
------------------------------------------------------------------------

For initial analysis, we combined nuclear and cytoplasmic extracts from HeLa cells and fractionated them by a glycerol gradient in the range of 10--30S. Subsequently, six fractions representing different sedimentation values, i.e. from 10 to 13S, 14 to 16S, 17 to 19S, 20 to 22S, 23 to 25S and 26 to 29S, respectively, were collected from the gradient ([Figure 1](#F1){ref-type="fig"}). After phenol extraction, six cDNA libraries were generated from these fractions as described, encoding ncRNAs derived from RNA--protein complexes (see 'Materials and Methods' section). Following cDNA library generation, 96 cDNA clones from each size-fractioned RNP pool (i.e. ∼600 cDNA sequences in total) were analysed by Sanger sequencing and further subjected to bioinformatical analysis ([Figure 1](#F1){ref-type="fig"}). Figure 1.Schematic representation of RNP cDNA library generation and analysis. Left: RNP extracts were size-fractionated on glycerol gradients, with separation of RNPs in the size range from ∼10S to 30S. RNPs, consisting of ncRNAs and proteins, penetrate into the gradient, whereas short, non-functional RNA degradation products appear at the top of the gradient and are discarded; ribosomes and ribosomal subunits are pelleted at the bottom of the gradient. Each cDNA library corresponds to a distinct sedimentation range in the gradient (see text). Right: overview of sequence analysis of 96 clones from each cDNA library. From top to bottom, 94, 63, 68, 85, 66 and 89 clones out of 96 were exploitable, respectively. (Miscellaneous RNA: RNAse P RNA, 7SK RNA, Y RNA, 7SL RNA).

This analysis revealed a significant enrichment towards functional ncRNAs species (e.g. miRNAs, snoRNAs, or snRNAs), all of which had been previously reported to be involved in the formation of RNPs. We thereby noted a particularly strong representation of miRNPs at the top of the gradient (i.e. from 10S to 16S, [Figure 1](#F1){ref-type="fig"}). In contrast, snRNAs, tRNAs were found---to a large extent---within all fractions, while snoRNAs were mainly present in the centre and bottom of the gradient (i.e. from 17S to 29S, [Figure 1](#F1){ref-type="fig"}). This might be due to the fact that various classes of snRNAs or snoRNAs, exhibiting different sizes, protein binding partners and assembly states, migrate at different *S*-values ([@B32]). In the case of tRNAs, which exhibit similar sizes, various protein interaction partners, such as aminoacyl-synthetases, elongation factors or processing/modification enzymes ([@B33]) are likely responsible for their distribution throughout the gradient ([Figure 1](#F1){ref-type="fig"}).

Notably, we observed an almost complete absence of both RNA degradation products (e.g. mRNA fragments) and highly abundant rRNA species, in contrast to previously reported RNA library generation approaches, derived from size-fractionated, phenol-extracted total RNA ([@B14; @B15; @B16; @B17],[@B34]). Thereby, the absence of small ribosomal RNAs (5S and 5.8S rRNAs) is likely due to the absence of small and large ribosomal subunits, which sediment at 40S and 60S, respectively, consequently being excluded from cDNA cloning and analysis (see above), which is a highly advantageous outcome.

Importantly, a number of cDNA reads from this analysis corresponded to non-annotated intergenic or intronic regions (designated as new ncRNA candidates, [Figure 1](#F1){ref-type="fig"}), likely representing novel RNP-forming ncRNA candidates. The presence of new and known ncRNA candidates in the library, forming RNPs, confirmed the validity of our approach, i.e. to be able to experimentally identify novel RNA species by RNP fractionation. Since new and known ncRNAs were found in all fractions ranging from 10S to 30S within the gradient, for future analysis, we pooled these fractions and generated RNP libraries from glycerol gradients within this size range.

HeLa and mouse brain cDNA libraries generated from size-fractionated RNPs
-------------------------------------------------------------------------

As a proof of concept, in order to compare the small ncRNP transcriptomes from two different cellular systems and organisms, we generated RNP libraries from mouse (brain) cells and human (HeLa) cells by fractionation of pooled nuclear and cytoplasmic cell extracts on 10--30S glycerol gradients, as described above. Subsequently, we subjected the two cDNA libraries to deep-sequencing ([@B35]). Raw data were deposited at the short read archive (SRA) with the accession numbers SRA009169.2 and SRA009016.3 for the HeLa and mouse brain libraries, respectively. Obtained sequence reads were bioinformatically analysed (for detailed description, see 'Materials and Methods' section). Briefly, after removal of the adaptors sequences, we obtained 166.184 and 56.430 cDNA reads, which were subsequently mapped (see Materials and methods for details), to give rise to two final datasets of 108.518 and 31.882 reads for the HeLa and the mouse brain RNP--cDNA libraries, respectively ([Table 1](#T1){ref-type="table"}, [Figure 2](#F2){ref-type="fig"} and [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq057/DC1): 'All mapped reads' section). Size distribution of the reads in these datasets can be found in [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkq057/DC1). These final datasets were used for the following statistics. Table 1.Distribution of total and unique sequences from human HeLa cells and mouse brain RNP librariesHeLaMouse brainTotal readsUnique clustersClusters \>2Total readsUnique clustersClusters \>2Analysed sequences108 518 (100%)163639831 882 (100%)1530313snoRNA16 489 (15%)141 (9%)106 (27%)11 701 (37%)132 (9%)84 (15%)tRNA45 818 (42%)122 (7%)88 (22%)4286 (13%)89 (6%)46 (15%)miRNA41 652 (38%)252 (15%)143 (36%)9027 (28%)265 (17%)106 (15%)rRNA1901 (2%)4 (\<1%)4 (1%)672 (2%)4 (\<1%)4 (15%)snRNA1196 (1%)14 (\<1%)11 (3%)4063 (13%)14 (\<1%)14 (15%)Miscellaneous RNA1027 (\<1%)80 (5%)29 (7%)1279 (4%)60 (4%)25 (15%)Sense to intron494 (\<1%)313 (19%)5 (1%)410 (\<1%)337 (22%)10 (3%)Antisense to intron439 (\<1%)275 (16%)5 (1%)241 (\<1%)196 (13%)7 (2%)Sense to exon97 (\<1%)97 (6%)0172 (\<1%)158 (10%)2 (\<1%)Antisense to exon26 (\<1%)26 (2%)07 (\<1%)7 (\<1%)0Sense to junction9 (\<1%)9 (\<1%)021 (\<1%)19 (1%)0Antisense to junction0001 (\<1%)1 (\<1%)0Intergenic471 (\<1%)303 (19%)7 (2%)397 (1%)248 (16%)15 (5%)[^1] Figure 2.Distribution of cDNA sequences generated from deep sequencing of RNP libraries raised from human HeLa or mouse brain cells. Two RNP libraries, from human HeLa cells and mouse brain, respectively, were subjected to high throughput sequencing. (**A**) The distribution of the total sequence reads of each ncRNA family (tRNA, miRNA, miscellaneous RNA, rRNA, snRNA, snoRNA and putatively new RNA candidates) is indicated. The numbers indicated correspond to the numbers of total reads retrieved in the respective libraries (see also [Table 1](#T1){ref-type="table"}). (**B**) The distribution of unique clusters from each ncRNA class (tRNA, miRNA, miscellaneous RNA, rRNA, snRNA, snoRNA and putatively new RNA candidates) is indicated (see also [Table 1](#T1){ref-type="table"}). ncRNA candidates are represented to the left of the dashed line. (Miscellaneous RNA: RNAse P RNA, 7SK RNA, Y RNA, 7SL RNA, piRNAs, scRNA, telomerase, RNAse MRP RNA). (**C**) Distribution of the candidate clusters only. One thousand and twenty-three and 966 candidates were identified in the human and mouse libraries, respectively, and classified with respect to their genomic localization. The inner circle represents the proportion, ∼35%, of the candidate clusters mapping additionally to repeats. AS: antisense; S: sense.

Analysis and comparison of total cDNA reads, i.e. before assembly, showed many similarities, but also several discrepancies between the HeLa and mouse libraries ([Figure 2](#F2){ref-type="fig"}A). From the known ncRNA species, miRNAs and tRNAs were found to be over-represented in the HeLa library compared to the mouse brain library (see below), while snoRNAs and snRNA were found in higher numbers in the mouse brain library ([Figure 2](#F2){ref-type="fig"}A). We subsequently clustered all overlapping cDNA reads into unique sequences, designated as contigs or clusters. Interestingly, distribution of clusters was nearly identical in both libraries ([Figure 2](#F2){ref-type="fig"}B).

Coverage of cDNA libraries and quality assessment
-------------------------------------------------

To estimate the ncRNA coverage of the two libraries, we compared all known miRNA to the miRNA clusters identified by the RNP approach. Thereby, we recovered 265 and 252 different miRNAs from the mouse and human genome, respectively, corresponding to 47 and 38% of all known miRNAs in these organisms ([Figure 2](#F2){ref-type="fig"}B). These yields are comparable to the number of miRNAs obtained using the miRDeep program, specifically dedicated to miRNA identification from deep sequencing data ([@B36]). Though the number of total miRNA reads was higher in the HeLa than in the mouse brain library ([Figure 2](#F2){ref-type="fig"}A), the overall miRNA transcriptome distribution was rather similar between the two libraries ([Figure 2](#F2){ref-type="fig"}B). We still noticed---as expected---the presence of several brain-specific miRNAs (e.g. miR-9, -124, -127, -128, -132, -153) ([@B37]), in the mouse brain library, only. Interestingly, we also observed the presence of few piRNAs (PIWI interacting RNAs), previously only reported to be expressed in germ cells ([@B38]). The obtained rare piRNAs clusters were classified with other ncRNA species, i.e. 7SL, 7SK, in the miscellaneous RNA class ([Figure 2](#F2){ref-type="fig"} and [Table 1](#T1){ref-type="table"}).

In addition, we recovered 122 different human cellular tRNAs clusters (i.e. 28% of all cellular tRNAs) as well as 89 mouse tRNAs clusters (i.e. 20% of all mouse tRNAs) ([Figure 2](#F2){ref-type="fig"}B). Considering that tRNAs, because of their stable tertiary structure as well as due to nucleotide modifications, are generally highly refractory to RT and hence cDNA analysis ([@B34],[@B39],[@B40]), these numbers point to efficient cloning of ncRNAs, in general. The higher number of total tRNA reads retrieved from the HeLa library (42%) versus the mouse brain library (13%, [Figure 2](#F2){ref-type="fig"}A) might be due to the higher rate of cell divisions of HeLa cells, requiring a very efficient translation machinery and therefore, a higher number of tRNAs. Interestingly, among tRNAs from both libraries, we observed numerous partial sequences representing tRNA halves (see [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq057/DC1): 'All mapped reads' section). These tRNA fragments have previously been reported to be involved in translation regulation in eukaryal organisms such as fungi and humans ([@B14],[@B41; @B42; @B43]).

SnRNAs or snoRNA clusters retrieved from each cDNA library show a rather similar distribution with ∼140 different snoRNAs recovered in both libraries (40% of all known snoRNAs; [Figure 2](#F2){ref-type="fig"}B). As a notable difference between HeLa and mouse brain libraries, we observed the presence of two previously identified mouse brain-specific orphan snoRNAs ([@B44]), MBII-52 (12% of all mapped reads in the library) and MBII-85 (5% of all mapped reads in the library), respectively. Thereby, MBII-52 and MBII-85 snoRNAs were highly represented in the mouse brain library, corresponding to 33 and 13%, respectively, of all identified snoRNA reads.

A general disadvantage of cDNA expression libraries is that very low abundant ncRNAs or ncRNAs which are expressed in other tissues, during a different developmental stage or upon particular conditions of stress might be missed. Their identification would require the generation of additional libraries for each condition in order to be detected. In addition, some ncRNAs might be involved in RNP complexes larger than 30S or might dissociate from their protein partners during library generation and thus would be missed. Therefore, taking these pitfalls into account, it is clear that the RNP approach, as observed for other ncRNA cloning methods, will likely not reveal all ncRNAs forming RNPs in a tissue or an entire organism. At this point, it is therefore difficult to estimate the complete number of ncRNPs in human HeLa cells or mouse brain cells.

Identification of novel ncRNAs candidates in human and mouse RNP libraries
--------------------------------------------------------------------------

Any cluster that could not be annotated as a known ncRNA and neither was sequentially or structurally related to known ncRNA families is considered to be a new ncRNA candidate. We identified 1023 such candidates in human and 966 in mouse ([Figure 2](#F2){ref-type="fig"}C).

### Intergenic ncRNA candidates

In addition to all known classes of ncRNPs observed in both libraries, ∼25% of the candidate clusters corresponded to non-annotated intergenic regions of the human or mouse genome ([Table 1](#T1){ref-type="table"}, [Figure 2](#F2){ref-type="fig"}, [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq057/DC1): 'Candidates' section). In the HeLa library we retrieved a total of 303 intergenic clusters, corresponding to 29% of all candidate clusters ([Figure 2](#F2){ref-type="fig"}C). In the mouse brain library, we retrieved 248 clusters from intergenic regions, corresponding to 25% of the candidate clusters ([Figure 2](#F2){ref-type="fig"}C).

Interestingly, intergenic regions have previously been shown to contain numerous functional ncRNA species within eukaryal genomes ([@B45],[@B46]). This strongly suggested that many genes encoding novel functional ncRNAs, forming RNPs, will be located within these intergenic regions as well. By northern blotting, we validated the expression of a selected subset of intergenic ncRNA candidates ([Figure 3](#F3){ref-type="fig"}A). We also analysed the distance between each intergenic ncRNA candidate gene and the closest protein-coding genes ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq057/DC1)). In both libraries, the number of intergenic candidates increases towards the proximity of coding genes, with the highest number of clusters found within a 10-kb distance from a coding gene. A higher resolution analysis revealed that a large number of candidates are even found within 1 kb of the closest coding gene ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq057/DC1), see inserts), implying a possible functional relationship. Thereby, some intergenic ncRNA transcripts located in the immediate vicinity of a protein coding region, might be processed from the 5′- or 3′-UTR of the corresponding mRNA. Figure 3.Analysis of selected novel ncRNA candidates by northern-blotting. (**A**) Expression and sizes of a subset of selected candidates was analysed by northern-blotting. Sizes of ncRNAs, as deduced by northern blotting, appeared in several cases larger than the corresponding cDNAs sizes (see [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkq057/DC1)), reflecting that some sequenced clones might correspond to fragments of larger new ncRNA transcripts. hs: human candidate; mm: mouse candidate; AS: antisense; S: sense; SR: sense to repeats; ASR: antisense to repeat. (**B**) Predicted secondary-structures of putatively novel ncRNA candidates. Structures were predicted using the program RNAfold from the Vienna package ([@B69]). When the reads were too short to be folded, 50-nt up- and down-stream of the read were added to the sequence and locally stable structures containing the read were looked for. The corresponding structures were then folded, the grey backbone representing the read itself. The 0--1 color scale represents the base-pair probabilities.

### Intronic ncRNA candidates: sense and antisense orientation

In both libraries, ∼55% of cDNA clusters mapped to intronic regions, in either sense or antisense orientation ([Table 1](#T1){ref-type="table"}, [Figure 2](#F2){ref-type="fig"}, [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq057/DC1): 'Candidates' and 'Antisense to intron' sections). In the HeLa library we retrieved a total of 588 intronic clusters, corresponding to 56% of the candidate clusters ([Figure 2](#F2){ref-type="fig"}C). In the mouse brain library, we retrieved 533 clusters from intronic regions, corresponding to 54% of the candidate clusters ([Figure 2](#F2){ref-type="fig"}C). Notably, intronic reads were significantly over-represented compared to what would be expected from random genome transcription ([@B47]) of the total genome. This is consistent with the observation that previously identified functional ncRNAs, such as miRNAs or snoRNAs, have been reported to be encoded by intronic portions of the genome ([@B2],[@B48]).

Interestingly, in both HeLa and mouse brain cells libraries, about half of the intronic candidates mapped in antisense orientation to their 'host' pre-mRNAs ([Table 1](#T1){ref-type="table"}, [Figure 2](#F2){ref-type="fig"}C, [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq057/DC1): 'Antisense to intron' section). In contrast this was observed only for few exon-encoded candidates (see below), and only one exon/intron junction-encoded new ncRNA candidate ([Table 1](#T1){ref-type="table"}, [Figure 2](#F2){ref-type="fig"}, [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq057/DC1): 'Candidates' and 'Antisense to exon or junction' sections). At this point, we cannot completely exclude the possibility that some of the intron-derived ncRNA candidates reflect RNA degradation products or splicing intermediates. However, expression and distinct sizes of a subset of intronic ncRNA candidates could be verified by northern blotting ([Figure 3](#F3){ref-type="fig"}A).

Alternatively to being splicing intermediates, at least some of these intronic ncRNA candidates, especially those in antisense orientation, might be involved in splicing regulation of their complementary host genes by an antisense-like mechanism, as previously reported for artificial intronic antisense RNAs ([@B49]). In that respect it is noteworthy that one ncRNA candidate mapped exactly to an intron/exon junction in antisense orientation in the mouse library ([Figure 3](#F3){ref-type="fig"}A, [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq057/DC1): 'Antisense to exon or junction' section).

Therefore, we analysed the distance between the intronic candidates and the closest splice site of the host gene ([Supplementary Figure S3A](http://nar.oxfordjournals.org/cgi/content/full/gkq057/DC1)). In both HeLa and mouse brain datasets, the number of intronic candidates mapping in antisense orientation increased towards the vicinity of splice sites ([Supplementary Figure S3B](http://nar.oxfordjournals.org/cgi/content/full/gkq057/DC1)). Thereby, the highest number of these candidates was found within 1 kb of a splice site. By a higher resolution analysis, the proportion of antisense candidates, located in very close proximity to a splice site (i.e. within 250 nt) is more pronounced in the HeLa library compared to the mouse brain library ([Supplementary Figure S3B](http://nar.oxfordjournals.org/cgi/content/full/gkq057/DC1), see inserts). Although most of the host mRNAs correspond to alternatively spliced transcripts, so far no intronic antisense ncRNA could be identified that mapped in the vicinity of a known alternative splice site in the EBI database ([@B50]). Future experimental analysis will have to reveal which of the intron-derived antisense ncRNA candidates are directly involved in splicing regulation of 'host genes' and which represent independent ncRNA genes.

### ncRNAs located in exonic regions of mRNAs

To a significantly lesser extent, some ncRNA clusters could also be mapped to exonic regions of protein-coding genes ([Table 1](#T1){ref-type="table"}, [Figure 2](#F2){ref-type="fig"}, [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq057/DC1): 'Candidates' and 'Antisense to exon or junction' section). We retrieved a total of 97 clusters, corresponding to 9% of the candidate clusters in the HeLa library and 158 clusters corresponding to 16% of the clusters in the mouse brain library, mapped in sense orientation to their 'host' pre-mRNAs, suggesting that they might derive from mRNA degradation ([Figure 2](#F2){ref-type="fig"}C); alternatively, they might represent new ncRNA species processed from exons, as previously reported for some viral exons ([@B51],[@B52]).

Additionally, 26 (2%) and 7 (0.7%) of the clusters mapped in antisense orientation to exonic regions in the HeLa and mouse libraries, respectively ([Figure 2](#F2){ref-type="fig"}C, [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq057/DC1): 'Antisense to exon or junction' section). Some of these candidates are expressed and exhibit a defined size ([Figure 3](#F3){ref-type="fig"}A), arguing against mRNA degradation products. Thus, exon-derived antisense ncRNAs, might be involved in regulation of gene expression, as previously observed for several antisense transcripts in Eukarya and Bacteria ([@B53; @B54; @B55; @B56; @B57]).

### ncRNAs located in repetitive elements

A few master genes provide the RNA templates for repetitive elements ([@B58]) and mobile elements can serve as sources for ncRNAs, often by co-transcription if fortuitously located in transcription units in either orientation. Alus, for instance, are derived from 7SL RNA ([@B59]), whereas several miRNAs were predicted to originate from retroposons as LINEs and SINEs ([@B60]). In both our libraries, ∼35% of the candidate clusters mapped to repetitive element regions of the genome ([Figure 2](#F2){ref-type="fig"}C and [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq057/DC1): 'Candidates' section). Among those, 25% of the candidate clusters reside in retrotransposons, which exhibit RNA intermediates during retro-transposition; about half of these sequence clusters are transcribed in sense orientation to their respective retrotransposons. Taken into consideration that repeats are indeed actively transcribed, this would explain the transcription of a fraction of the total set of ncRNA candidates derived from repeats. Besides, we also find a small fraction of intronic reads that are antisense to both introns and repeats as well as few intergenic reads that are antisense to repeats ([Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq057/DC1): 'Candidates' and 'Antisense to introns' sections).

Next, we further characterized the identified repeats by comparing them to their consensus sequence. The similarity between repeat and consensus was used to estimate the activity of the repeats in transposition. We found that the majority of repeats are truncated and had accumulated numerous mutations. As a consequence, 75% of repeat associated reads, map less than six times to the genome, and 50% even map only once (data not shown). Most of these fragmented repeats map to the terminal regions of the full-length consensus sequences. We also analyzed the frequencies of the individual repeat classes and families, and compared them to the genomic background (intergenic or introns). Intergenic reads are dominated by LTRs and LINEs, intronic ones by SINEs. This constitutes an interesting observation, as LTRs and LINEs carry their own promoters, potentially enabling their autonomous transcription, while SINEs require an external promoter. However, reads that match LTRs are rather transcribed in antisense orientation relative to the repeat, whereas those in SINEs and LINEs are rather found in the same orientation. Therefore, the fraction of reads in sense orientation to LINEs is probably amongst the most likely candidates for novel ncRNAs. The terminal (5′) regions of the repeats where these reads reside contain promoters and thus provide sites of transcriptional regulation. However, in general, the repeat sequences themselves diverged from consensus sequences such that they most likely lost their original identity and function. It is tempting to speculate that these reads might be evolving new ncRNAs putting 'evolution in progress' on display.

Novel ncRNA classes and conservation of ncRNAs
----------------------------------------------

Thus far, we have only identified few human ncRNA candidates having homologs in the mouse brain library and vice versa. Blasting human reads against mouse reads with an *e*-value of 1*e*^−3^ resulted in 17 human clusters matching 12 mouse clusters for the intergenic and 16 human clusters matching to 27 mouse clusters for intronic hits ([Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq057/DC1): 'Candidates' section). Moreover, except for three pairs, reads in mouse and human did not map to loci that are annotated as syntenic in the human.net track of the UCSC genome browser for the mouse genome. The lack of homologous human and mouse sequences suggests that the majority of new ncRNA candidates might correspond to tissue- or cell-type-specifically expressed RNA species.

Nevertheless, all ncRNA candidates tend to map to more highly conserved regions of the genome. To that aim, we looked at the vertebrate PhastCons ([@B61]) conservation track of the UCSC genome browser (44 vertebrates for human, 30 for mouse track), and compared the mean base-wise conservation of all sequence reads which mapped to introns, exons and intergenic regions with the mean of the total genomes. In human, exonic ncRNA candidates appear to be more highly conserved, with a mean PhastCons score of 0.539 compared to the genomic background of 0.428, the increase for intergenic (0.097 versus 0.090) and intronic (0.116 versus 0.084) ncRNA candidates was much smaller, however. For mouse ncRNA candidates, the effect is even stronger, with 0.602 versus 0.468 for exonic ncRNAs, 0.167 versus 0.113 for introns and 0.165 versus 0.102 for intergenic ncRNAs.

Nevertheless, we were unable yet to group these new ncRNA candidates into any novel RNA families, based on primary- or secondary-structure conservation. However, this might be a challenging task at this point, considering that small degenerate sequence motifs combined with conserved secondary structures are sufficient to define a novel class of ncRNA species, as exemplified by snoRNAs ([@B32]).

Selected ncRNA candidates from our analysis form RNPs
-----------------------------------------------------

By northern blotting, we verified expression and sizes of selected candidates ([Figure 3](#F3){ref-type="fig"}A). Sizes of ncRNA candidates, as estimated by northern blotting, appeared in several cases larger than sizes deduced from cDNA sequencing (see [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkq057/DC1)), reflecting that some sequence reads might correspond to fragments of larger new ncRNA transcripts. Though all ncRNA molecules present in the libraries are likely derived from RNP particles, in agreement with our RNP selection procedure (see above), we also verified interaction of some selected ncRNAs candidates with proteins. To that end, total cellular protein extract or phenol-extracted total RNA were fractionated on 10--30S glycerol gradients, and the sedimentation profile of ncRNA was analyzed by northern-blotting employing specific oligonucleotide probes directed against ncRNA candidates ([Figure 4](#F4){ref-type="fig"}). For the ncRNA candidates tested, we observed that phenol extracted RNA samples did not penetrate into the gradient (as deduced by northern blotting), while the sedimentation profile was shifted to higher *S*-values when a cellular RNA/protein extract was used. These observations are consistent with novel ncRNA candidates being involved in RNP formation and thus likely exerting biologically relevant functions, as observed for other known ncRNAs forming functional RNPs. In addition, *in silico* predictions revealed that novel ncRNA candidates could fold into stable secondary structures, supporting that they correspond to stable and functional RNA species ([Figure 3](#F3){ref-type="fig"}B). Surprisingly, for ncRNAs mapping to repetitive elements we could also detect their presence within protein complexes of higher molecular weight ([Figure 4](#F4){ref-type="fig"}, hs277 and mm296). In particular, clone mm296, a mouse candidate mapping to a LINE element, might be associated with an RNP particle of considerable size, as it was predominantly observed in the gradient pellet, comprised of RNPs larger than 30S. Since clone mm296 was originally isolated from the 10--30S fraction, it might be enriched in the pellet by binding to a larger RNP or protein complex. A potential function of mm296 in regulation of translation initiation, e.g. by binding to the ribosome or ribosomal subunits could be envisioned, as previously described for the BC1/BC200 ncRNAs, which are acting through interaction with poly(A)-binding protein, PABP ([@B62]). Figure 4.Selected novel ncRNA candidates are present as RNPs in cell extracts. From four novel ncRNA candidates, sedimentation values were determined by glycerol gradient centrifugation either employing phenol extracted RNA (upper panels) or total cellular extracts, containing RNPs (lower panels). Sedimentation profiles of the candidates were analyzed by northern blotting of respective fractions and hybridization employing radioactively labeled DNA oligonucleotide complementary to the ncRNA candidate. As controls, the sedimentation profiles of three ncRNAs known to be part of RNPs were also analysed. The pellet fraction was tested when there was one.

DISCUSSION
==========

The total number of ncRNAs in the human or mouse genome remains controversial, with estimates ranging from a few hundred to hundreds of thousand ncRNA species ([@B2],[@B3]). Hence, to separate the 'transcriptional noise' from biologically functional ncRNAs, novel methods for their identification have to be applied. In the past, deep-sequencing of cDNA libraries, generated from phenol extracted and size separated ncRNA species, resulted in the identification of novel ncRNA species, but also in a large number of ncRNA transcripts of unknown biological significance. Thus, to identify new functional ncRNAs in human and mouse genomes, we have established a novel selection procedure based on the isolation of ncRNAs forming RNP complexes. Through this approach, we were able to (i) identify several hundred new ncRNAs that are likely components of ribonucleo-protein complexes and (ii) identify the majority of all known ncRNAs forming RNPs, validating the RNP method.

Thus, by RNP selection we significantly increased the probability of the presence of biologically relevant ncRNA species in our data set. This is extremely important since the functional analysis even of single ncRNA species is a highly time-consuming and laborious effort ([@B63]). It is important to note, however, that in this study we have only focused on the small ncRNA/ncRNP transcriptome in two defined systems, human HeLa cells and mouse brain cells. In order to obtain a complete picture of both human and mouse RNP transcriptomes, additional tissues and conditions (such as different developmental conditions or stress) will have to be investigated. Moreover, by selecting RNPs in the size range of 10--30S, we might have missed ncRNAs forming larger RNP complexes or ncRNAs dissociating from proteins during the isolation procedure. Furthermore, longer ncRNA species (e.g. in antisense orientation to protein coding genes), excluded from our study, which might function even in the absence of protein binding partners, could represent yet another large class of unidentified ncRNA species ([@B64]).

Still, by our RNP selection approach, we have identified numerous new ncRNAs candidates, encoded in intronic or intergenic regions with a significant number of repeats-derived ncRNA candidates within the mouse or human genomes. Thus far, we were unable to computationally identify new families or classes of ncRNAs, based on shared sequence or structural motifs. However, taken into account the limited conserved features of some existing classes of ncRNAs, such as miRNAs or snoRNAs ([@B32]), the establishment of novel ncRNA classes based on our sequences and other known RNA candidates will warrant further efforts. Alternatively to forming novel ncRNA classes, ncRNA species identified in our study might themselves correspond to tissue- or cell-type-specific RNA species, as was shown for antisense or mRNA-like ncRNA transcripts ([@B65; @B66; @B67]). To unequivocally identify functions of all newly identified ncRNAs, high-throughput knock-down strategies, determination of ncRNA targets or protein binding partners will be required for future analysis ([@B68]).

ACCESSION NUMBERS
=================

Raw data were deposited at the SRA with the Accession Numbers SRA009169.2 and SRA009016.3 for the HeLa and mouse brain libraries, respectively. Annotations for human (hg18, NCBI Build 36.1, March 2006) and mouse (mm9, NCBI Build 37, July 2007) were retrieved from the UCSC Genome Browser (<http://www.genome.ucsc.edu>). Complete annotation of the data can be found as [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq057/DC1) on our website under the link <http://www.tbi.univie.ac.at/papers/SUPPLEMENTS/454/Identification.html>.

SUPPLEMENTARY DATA
==================

[Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq057/DC1) are available at NAR Online.

FUNDING
=======

Medical University of Innsbruck and the Austrian Genome Research (GEN-AU, <http://www.gen-au.at/>) funding program (Grants D-110420-011-013 and D-11420-011-015 to A.H.). Funding for open access charge: GEN-AU grant D-11420-011-015.

*Conflict of interest statement*. None declared.

Supplementary Material
======================

###### \[Supplementary Data\]

The authors thank Jürgen Brosius, Bénédicte Sohm and Andreas Ploner for critically reading the manuscript and Jonathan Vosper for careful proofreading.

[^1]: After clustering, sequences retrieved from both HeLa and mouse brain libraries were classified into a specific ncRNA family by blasting cDNA sequences against the corresponding genomic nucleotide database (for details see 'Materials and Methods' section). Total number of sequences, as well as number of unique sequence clusters, for each ncRNA class, is indicated. The third column in each library indicates the unique sequences represented by at least three cDNA clones. S stands for sense, AS for antisense. Miscellaneous RNA: RNA 7SL, RNA 7SK, piRNAs, vault RNA, RNA Y, RNAse P RNA, RNAse MRP RNA.
